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Abstract: Increased productivity in sorghum has been achieved in the developed world using hybrids. Despite 
their yield advantage, introduced hybrids have not been adopted in Ethiopia due to the lack of adaptive traits, their 
short plant stature and small grain size. This study was conducted to investigate hybrid performance and the 
magnitude of heterosis of locally adapted genotypes in addition to introduced hybrids in three contrasting 
environments in Ethiopia. In total, 139 hybrids, derived from introduced seed parents crossed with locally adapted 
genotypes and introduced R lines, were evaluated. Overall, the hybrids matured earlier than the adapted parents, 
but had higher grain yield, plant height, grain number and grain weight in all environments. The lowland adapted 
hybrids displayed a mean better parent heterosis (BPH) of 19%, equating to 1160 kg ha
−1 
and a 29% mean 
increase in grain yield, in addition to increased plant height and grain weight, in comparison to the hybrids derived 
from the introduced R lines. The mean BPH for grain yield for the highland adapted hybrids was 16% in the 
highland and 52% in the intermediate environment equating to 698 kg ha
−1 
and 2031 kg ha
−1
, respectively, in 
addition to increased grain weight. The magnitude of heterosis observed for each hybrid group was related to the 
genetic distance between the parental lines. The majority of hybrids also showed superiority over the standard 
check varieties. In general, hybrids from locally adapted genotypes were superior in grain yield, plant height and 
grain weight compared to the high parents and introduced hybrids indicating the potential for hybrids to increase 
productivity while addressing farmers’ required traits.  
Keywords: Farmers preferred traits; High parent heterosis; Locally adapted genotypes; Sorghum hybrids; 
Abbreviations: BLUP, Best linear unbiased predictor; BPH, best parent heterosis; DTF, days to flowering; GN, grain number head−1; 
GW, hundred grain weight; GY, grain yield; HLA, highland adapted hybrids; IRL, introduced R line hybrids; LLA, lowland adapted 
hybrids; PTH, plant height.
 
1. Introduction 
Sorghum (Sorghum bicolor L. Moench) is a C4 cereal crop domesticated in Africa; it is adapted to water stress, 
low soil fertility and high temperature conditions. Sorghum is a staple crop for more than 500 million people in 30 
sub-Saharan African and Asian countries [1], while it is primarily grown as feed grain in the developed world.  
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In Ethiopia, which is the sixth largest sorghum producing country in the world, sorghum contributes 17% of the 
total annual cereal grain production [1, 2]. It is grown in highly diverse environments, which can be broadly 
classified into three major agro-ecologies; highland areas > 1900 m, intermediate areas between 1600–1900 m and 
lowlands areas < 1600 m above sea level, characterized by distinct edaphic and climatic conditions [3]. Sorghum 
productivity is constrained by different biotic and abiotic factors mainly drought and Striga (a parasitic weed) in 
the lowland and biotic stress in the highland and intermediate environments.  
Sorghum is predominantly grown by smallholder farmers in Ethiopia. The highest proportion (74%) of the 
grain produced is consumed at the household level, with the remainder being used for sale and seed purposes [2]. 
The grain is used for preparation of different local staple food products such as leavened bread (injera), porridge 
and local beverages that require specific grain quality characters. Grain size and color are important traits to 
farmers in selecting varieties [4]. Increased grain size with corneous endosperm is preferred and larger seeded 
varieties fetch a better price, possibly due to higher milling yields and higher water absorbance [5]. The stover, 
which has uses for animal feed, fuel and construction of fences, is often valued as highly as grain yield, hence 
taller varieties are highly preferred by farmers [4, 6]. However, the improved varieties released in Ethiopia to date 
have had very low adoption rates. Lack of farmers preferred traits in these released varieties is the major 
impediment to their wider adoption [4, 7]. The majority (85%) of the improved varieties released for use in the 
lowland and intermediate environments were developed using lines introduced from outside of Ethiopia; these are 
characterized by short plant stature, early maturity and lower grain size [4, 8]. All varieties released for the 
highland environment to date have been pure lines selected from highland landrace collections; however, these 
released improved varieties only have limited yield advantage compared to the farmers’ selected varieties or 
landraces [4].  
The demand for improved varieties with both higher grain yield and farmer’s preferred traits, primarily grain 
size and plant height, is increasing due to the rapidly growing human population and changing standard of living. 
Hybrid technology could have the potential to increase productivity while retaining high biomass and large grain 
size. Sorghum hybrids have been grown by farmers in developed countries since the late 1950s after the discovery 
of a viable cytoplasmic male sterility system, allowing cost-effective hybrid production, and are increasingly 
being adopted in the developing world [1]. In sorghum superiority of the F1, or hybrid vigour, can result in a 30–
40% increase in grain yield, depending on the environment and the genotypes used [9, 10]. In addition to 
increasing yield, sorghum hybrid vigor has also been demonstrated to have increased yield stability over inbred 
lines, particularly in stressed environments [10, 11].  
Efficient and successful hybrid breeding requires the development of complementary parental pools [12]. In a 
mature hybrid crop breeding system such as maize, this has involved the development of genetically divergent 
parental pools that combine consistently to produce high yielding hybrids. While such heterotic pools exist for 
sorghum, they have been developed for production environments in temperate and subtropical zones where 
advanced, highly mechanized agricultural techniques are used, such as in the USA and Australia [13–15]. 
A number of studies have investigated the utility of developing hybrids in sorghum for adoption in the semi-
arid tropics of Africa [16, 17] and in Ethiopia [4, 18], based on combinations from introduced restorer (R) and 
male sterile (A) lines. These studies consistently identified hybrids that produced more grain yield than the 
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parental lines and local check varieties; however, the hybrids lacked the adaptive traits for diverse local 
environments, were short in plant stature and had lower grain size. The development of heterotic pools adapted to 
a particular environment is one solution to overcome the challenges of both local adaptation and local farmers’ 
end use requirements [19–21]. However such a strategy is complicated by the constraint that the cytoplasmic male 
sterile system imposes on developing new sorghum female parental lines [22]. In a recent study the genetic 
patterns of differentiation of locally adapted Ethiopian genotypes, in comparison to the introduced R and B lines, 
were identified using genome-wide SNP markers [23]. The current study focused on investigating the 
effectiveness of developing high yielding hybrids that also address the adaptation issue and multiple trait demands 
of farmers using selected locally adapted genotypes in combination with existing introduced seed parents and 
assessing whether there were correlations between parental genetic distance, using genome-wide SNP data 
generated previously, and performance. The specific aims of the current study were to 1) assess the performance 
of hybrids derived from locally adapted genotypes and introduced R lines in combination with introduced A-lines 
in contrasting environments in Ethiopia; and 2) assess the magnitude of heterosis within and between locally 
adapted and non-adapted genotypes. 
2. Material and methods  
2.1. Genetic materials  
A total of 26 sorghum inbred lines consisting of 18 pollinator (R) and eight cytoplasmic male sterile (CMS) seed 
parental (A) lines were used to develop 139 F1 hybrids using an unbalanced design II mating scheme (Table S1). 
These lines were selected from distinct groups identified among a diverse set of 184 Ethiopian genotypes selected 
from the Ethiopian working collection representing the highland, intermediate and lowland agro-ecologies, and 
introduced inbreds, differentiated using 11,788 genome-wide SNPs generated following integrated DArT and 
genotyping-by-sequencing (GBS) [23]. The genotyping method involved removal of repetitive sequences of 
genomic DNA through a complexity reduction process using methylation-sensitive restriction enzymes prior to 
sequencing on a Next Generation sequencing platform (DArT, http://www.diversityarrays.com/). The male 
parents included nine local Ethiopian genotypes and nine introduced R-lines (Table 1) selected based on agro-
ecological adaptation and genetic distance of each group with the seed parent and within groups. The introduced R 
lines also consisted of early and medium maturity types with flowering dates between 58 and 75 days. In the 
absence of locally adapted female parental lines, the CMS lines selected included six A-lines introduced from 
Purdue University and ICRISAT and two Australian A-lines, which were bred for adaptation to low moisture 
environments. Crossing and seed multiplication of the F1 hybrids were conducted in 2012 at an off season nursery 
at Melkawerer under irrigated conditions. 
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Table 1 – Hybrid parental lines from locally adapted sorghum genotypes and introductions from ICRISAT, Purdue 
University and Australia. 
Genotype name Genotype group Plant height  Race Source 
2005 MI 5065 Lowland adapted 200–250 Caudatum Local improved 
Misikir Lowland adapted 150–200 Caudatum Local improved 
Ajab Sedi Lowland adapted 200–250 Caudatum Local landrace 
Gambella 1107 Lowland adapted 150–200 Caudatum Local landrace 
PGRC/E 69475 Lowland adapted 200–250 Caudatum Local landrace 
PGRC/E 69241 Highland adapted 200–250 Durra Local landrace 
Wello Coll # 050 Highland adapted > 250 Durra Local landrace 
Zengada 2 Highland adapted > 250 Bicolor Local landrace 
2002 BK 7020 Intermediate adapted 150–200 Kafir Local improved 
ICSR 24004 Introduced R (early) 100–150 DC ICRISAT 
IESV 92031 DL Introduced R (early) 150–200 Caudatum ICRISAT 
P 89009 Introduced R (early) 100–150 Caudatum Purdue  
PDL 984953 Introduced R (early) 100–150 NA Purdue  
PRL 984084 Introduced R (early) 100–150 NA Purdue  
PI 308453 Introduced R (medium) 150–200 NA ICRISAT 
104 GRD Introduced R (medium) 200–250 NA ICRISAT 
E 237 Introduced R (medium) 150–200 NA ICRISAT 
ICSV 700 Introduced R (medium) > 250 Durra ICRISAT 
A BON 34 Introduced B 100–150 NA Purdue  
ICSB 10 Introduced B 100–150 NA ICRISAT 
ICSB 21 Introduced B 100–150 NA ICRISAT 
ICSB 34 Introduced B 100–150 NA ICRISAT 
P 9517 B Introduced B 100–150 NA Purdue  
P 9529 B Introduced B 100–150 NA Purdue  
A 010054 Introduced B 100–150 NA Australia 
A 963676 Introduced B 100–150 NA Australia 
NA, not available; DC, Durra caudatum. 
 
2.2. Description of test environments  
Sorghum growing environments in Ethiopia can be broadly classified based on altitude, rainfall and length of 
growing period, identifying three major agro-ecological groups: highland ( > 1900 m.a.s.l.), intermediate (1600–
1900 m.a.s.l.) and lowland ( < 1600 m.a.s.l.) [3, 24]. Trials were grown at three research stations representing the 
three agro-ecologies in use by the National Sorghum Improvement Program in Ethiopia (Fig. S1). Arsi Negele 
(1960 m.a.s.l., 7º20' N latitude) represented the highland environment, with a mean annual rainfall (RF) of 870 
mm, minimum temperature (Tmin) of 12 ºC and Tmax 25 ºC, growing period of 180–200 days, and a vertisol soil 
type. The intermediate environment was represented by Bako (1565 m.a.s.l., 9º08' N), with a mean annual rainfall 
of 1178 mm, Tmin of 14 ºC and Tmax of 28 ºC, growing period of 150–180 days, and a netosol soil type. The 
lowland environment was represented by Mieso (1470 m.a.s.l., 9º14' N), with 713 mm mean annual rainfall, Tmin 
of 14 ºC and Tmax of 34 ºC, growing period of 110–120 days, and a vertisol soil type.  
The average rainfall from 2006 to 2013 at the lowland site was half that received at the highland site. The 
lowland site also had an average 3 ºC higher temperature in comparison to the other two contrasting 
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environments. The highland environment was characterized by intermediate levels of rainfall and slightly lower 
temperatures during the early establishment and grain filling stages (Fig. S2). In comparison to the five years 
average, the amount of rainfall for the cropping season was similar to the average for the lowland testing 
environment, but higher for the highland and intermediate testing environments (Fig. S2). 
2.3. Field trial setup 
Field trials were conducted in the 2013 cropping season (June–November) in the three testing sites representing 
the contrasting major agro-ecologies in Ethiopia (Fig. S1). From the total of 139 F1 hybrids generated, a subset of 
93 was phenotyped in the lowland environment and 96 hybrids were tested in both the highland and intermediate 
environments (Table S1). Among the total number of testcross hybrids 48 were evaluated across the three 
environments; 66 were tested in the lowland and intermediate; 50 were tested in the lowland and highland 
environments; and 79 were tested in the highland and intermediate environments. Controlled randomization was 
based on grouping the inbred parents and test hybrids into three groups. The first group contained genotypes with 
plant heights < 150 cm, the second group comprised genotypes between 150–200 cm, and the third group included 
genotypes > 200 cm. The field trials were laid out using a triple lattice design for a total of 121 genotypes and 
included the hybrids, both male and female parents, and three checks. The first hybrid released in Ethiopia, using 
introduced inbred parents (P-9501 A × ICSR 14), and open pollinated improved varieties WSV 387 and 87 BK 
4122 were used as checks in both environments.  
The hybrids were planted following the recommended row spacing and fertilizer was applied for each test site 
because of an intended use of improved management practices to increase sorghum production. Each plot 
consisted of two 3.00 m rows, with 0.75 m inter-row spacing in all three environments (plot area, 4.5 m
2
) and 
intra-row spacing of 0.20 m in lowland and 0.25 m in highland and intermediate environments. Based on the onset 
of rainfall, planting occurred at different dates across trials; July 15 in the lowland environment; June 19 in the 
intermediate environment; and May 18 in the highland environment. Fertilizer was applied at the rate of 100 kg 
ha
−1
 diamonium phosphate (DAP) and 50 kg ha
−1
 urea in the lowland environment, whereas in the highland and 
intermediate environments DAP and urea fertilizers were each applied at 100 kg ha
−1
. DAP was applied during 
planting and urea was side dressed at the knee height stage in all environments.  
2.4. Data recording and statistical analysis 
For data collection five random plants from each plot were tagged and covered with paper bags after seed set to 
protect from bird damage and data were measured on each plant. Grain yield (GY) was measured based on the 
average head yield after adjusting to 11% moisture content and converted into kg ha
−1
 on the basis of the total 
plant populations for each test environment; plant height (PTH) was measured from the base to the top of each 
selected plant (cm); days to flowering (DTF) was measured as the date when 50% of the plants in plots had 
flowered and days to maturity (DTM) was measured as days from planting to grain maturity as indicated by black 
layers at the seed bases. One hundred grain weight (HGW) was measured as the weight of 100 seeds (g) sampled 
from the five harvested plants. The grain number (GN) per head was calculated based on the average grain 
yield/panicle (HY) of five randomly selected plants and hundred grain weight (HGW) using the formula [GN = 
(HY/HGW) × 100]. In addition, the daily rainfall and minimum and maximum temperatures for the growing 
periods were collated from weather stations located within 200 m from each research site. 
Data were analysed using a linear mixed model with spatial variation accounted for by considering rows and 
columns as a covariate to estimate the variance components and best linear unbiased predictor (BLUP) of the 
genetic values for the traits measured using Genstat statistical software [25]. The predicted mean values were 
estimated considering entries as fixed effects and replications as random effects. The predicted hybrid 
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performances were used to differentiate the different groups of genotypes for each test environment. The 
magnitude of heterosis of each hybrid and hybrid group, excluding the hybrids derived from intermediate adapted 
genotypes because of their limited number, were computed using predicted mean values. Heterosis was calculated 
as 1) mid-parent heterosis {MPH = [(F1−MP)/MP] × 100}; and 2) better parent heterosis {BPH = [(F1−BP)/BP] × 
100}, where F1 is the predicted mean performance of the hybrid, MP, is the average of the predicted performance 
of the two inbred parents, and BP is the predicted mean values for the better performing inbred parent. The 
significance of the mean performance of the test crossed hybrids over the better parent was tested using t-test 
values computed using:                 
 
 
     [26], where F1ij = mean of the ijth F1 cross, BPij = best parent 
of the ijth
 
cross,
 
and EMS = error mean square for each hybrid group. In addition, standard heterosis (SH) was 
computed for each hybrid and group relative to the performance of the check variety and hybrid. 
3. Results  
3.1. Genetic variability and hybrid performance in the three test environments 
Genetic variability for genotypes, hybrids and inbreds was significant (P < 0.001) in each environment for grain 
yield, days to flowering, plant height, grain number and hundred grain weight (Table S2). Overall, 60% of the 
total genetic variance for grain yield was explained by the genetic main effect while the remaining variance was 
accounted for by environmental and genotype × environment interaction effects. The overall mean hybrid grain 
yield performance was higher in the lowland than in the highland environments (6081 vs. 5029 kg ha
−1
, 
respectively), and the lowest mean grain yield was obtained in the intermediate environment (4485 kg ha
−1
). 
    There was significant correlation between highland and intermediate environments for grain yield performance 
(r = 0.66, P < 0.000), in addition to plant height (r = 0.95, P <0.000), grain number (r = 0.69, P < 0.000), and 
HGW (r = 0.44, P < 0.01). In contrast significant positive correlations were obtained for plant height, days to 
flowering and grain weight between lowland and intermediate environments with the correlation coefficients 
ranging from 0.34 to 0.94. 
3.2. Hybrid performance and magnitude of heterosis for different groups of hybrids  
Mean hybrid performance and better parent heterosis (BPH) are detailed in Table 2 for the two groups of hybrids 
derived from Ethiopian genotypes adapted to the lowland (LLA) and highland (HLA) environments, and the third 
group of hybrids involving introduced R lines (IRL) and introduced A lines. Hybrids flowered and matured earlier 
in all test environments, but showed superior performance for the majority of measured traits, in comparison to 
the better parent. Variation between the hybrids and respective high parents was significant for grain yield for the 
three hybrid groups across the agro-ecologies (Table 2). However, there was no significant variation between the 
hybrids and the high parent in grain number and hundred grain weight (Table 2). Compared to the IRL hybrids, 
the LLA and HLA hybrids had grain yield advantages of 29% and 62% in their adaptation environments, 
respectively, in addition to increased plant height and grain weight. In comparison to the introduced seed parents 
(B lines) the locally adapted genotypes and 75% of the introduced R lines had the highest mean phenotypic values 
for all the traits measured in each environment (data not shown). 
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Table 2 – Predicted mean sorghum hybrid performance and mean better parent heterosis (BPH %) for grain yield (GY), days to flowering (DTF), days to maturity (DTM), plant height 
(PTH), internode length (Int length), internode number (Int number), grain number per head (GN), and hundred grain weight (HGW) for three groups of genotypes evaluated in lowland, 
highland and intermediate environments in Ethiopia. 
Hybrid group 
 
Lowland environment Highland environment Intermediate environment 
LLA HLA IRL SE LLA HLA IRL SE LLA HLA IRL SE 
 
Test cross 27 14 37 
 
24 18 25 
 
24 18 35 
 
GY (kg ha−1) Mean 7223 6752 5598 541.5 5165 6703 4147 531.4 4553 5889 3878 514 
 
BPH (%) 19*** 42*** 23*** 
 
43*** 16*** 33*** 
 
19*** 52*** 10*** 
 
DTF Mean 66 70 66 1.4 80 92 80 2.9 85 87 85 1.8 
 
BPH (%) −9*** −6*** −8** 
 
−6** −11*** −12* 
 
−1 −3 −2 
 
DTM Mean 108 111 108 1.9 162 174 160 3.2 150 163 154 1.6 
 
BPH (%) −4* −5*** −4* 
 
−4 −4 −4 
 
−5 −1 −4 
 
PTH (cm) Mean 235 277 181 11.4 176 220 124 13.2 198 225 162 6.7 
 
BPH (%) 12 −3 16* 
 
14 −20** 8 
 
6 −13** 15 
 
Int length Mean 25.7 29.2 16.4 1.69 21.4 24.0 15.0 
     
 
BPH (%) 9.7 37.8 23.0 
 
13.7* −7 17.6 
     
Int number Mean 8.1 9 6.9 0.71 6.4 7.8 5.6 
     
 
BPH (%) −2.4 2.1 1.1 
 
−3.1 −16.8 −3.4 
     
GN head−1 Mean 4033 3918 3550 541 3016 3507 2688 365.3 2332 3375 2237 306.4 
 
BPH (%) 17 43 19 
 
44 −6 38 
 
8 30 −2 
 
HGW (g) Mean 2.6 2.6 2.3 0.2 3.0 3.3 3.1 0.27 2.7 2.7 2.7 0.13 
 
BPH (%) 1 2 3 
 
−7 2 −4 
 
1 10 4 
 
*, **, ***, Significant at P < 0.05, 0.01, and 0.001, respectively; SE, standard error. 
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3.3. Hybrid performance and better parent heterosis in the lowland environment 
LLA hybrids had a mean grain yield of 7223 kg ha
−1
 and mean BPH of 19% in the lowland environment (Table 
2). Overall the majority (89%) of LLA hybrids had superior grain yield, ranging from 2% to 60% in comparison 
with the better parent (Fig. 1). In addition, the mean plant height of LLA hybrids was 235 cm, ranging from 179 to 
254 cm. The mean BPH for plant height was 11%, with 56% of them being taller than the best parent. In addition, 
internode length had a mean BPH of 9.7% while the BPH for the internode number was −2.4%. The LLA hybrids 
flowered eight days earlier than their parents, with an average BPH of −9%. The mean BPH for grain number was 
17%, with a large proportion (81%) of LLA hybrids having higher grain numbers relative to the best parent. 
Overall, half of the LLA hybrids had increased grain weight, with a mean BPH of 1% and maximum value of 
24%. Nine (33%) of the LLA hybrids were superior to the best parent in both grain weight and grain number.  
 
Fig. 1 – Sorghum hybrid grain yield performance (kg ha−1), better parent heterosis (BPH) and standard error bar (horizontal 
line) of LLA hybrids and high yielding parents evaluated in the lowland environment color coded as follows: lowland adapted 
hybrid parent (dark) and the hybrids crossed with different female parents (grey).  
 
In comparison to the HLA and IRL hybrids, LLA hybrids had the highest mean grain yield and grain number. 
In addition, the mean plant height and grain weight were higher for LLA hybrids in comparison to IRL hybrids. 
The grain yield advantage of LLA hybrids in comparison to HLA and IRL hybrids was, on average, 7% and 29%, 
respectively. However, six of the HLA hybrids had comparable grain yield performances to the LLA hybrids in 
the lowland environment. Two of these HLA hybrids had higher grain yields compared to the high yielding LLA 
hybrid (ICSA 34 × PGRC/E 69475). However, the per se performance of the highland adapted parents was 17% 
lower than the lowland adapted parent (data not shown). This was reflected in the magnitude of grain yield BPH 
(42%) for HLA hybrids, which was higher than LLA and IRL hybrids grown in the lowland environment (Table 
2, Fig. 2-A). The average mean BPH for days to flowering for HLA hybrids was −12%, with flowering occurring 
eight days earlier than the best parent; however, these hybrids flowered an average four days later than the LLA 
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and IRL hybrids. The mean days to maturity were 108 days for LLA and IRL hybrids, ranging from 103 to 113 
days. In comparison, the HLA hybrids had mean days to maturity of 111 days, ranging between 105 and 120 days. 
 
 
Fig. 2 – Box plots for grain yield better parent heterosis (BPH) of sorghum hybrids derived from Ethiopian genotypes 
adapted to highland (highland) and lowland environments (lowland) and introduced R lines (introduced R) evaluated in: A, 
lowland; B, highland; and C, intermediate environments.  
 
3.4. Hybrid performance and better parent heterosis in the highland environment 
The mean grain yield for HLA hybrids was 6,703 kg ha
−1
 with 16% superiority for the best parent (Table 2). In 
addition, 61% of the hybrids had superior grain yield performance, ranging from 2.5% to 73.0% yield increases in 
comparison to locally adapted best parental lines (Fig. 3-A). HLA hybrids had positive BPH for grain weight (2%) 
but negative BPH for grain number (−6%). However, variation was observed in the magnitude of BPH for grain 
number and grain weight among HLA hybrids. Hybrids derived from durra type parental lines, PGRC/E69241 and 
Wello coll #050, had a negative mean BPH (−17%) for grain number and a positive mean BPH (4%) for grain 
weight, whereas hybrids derived from the bicolor parental line, Zengada 2, had a positive mean BPH (21%) for 
grain number and a negative mean BPH (−2%) for grain weight. Additionally, all HLA hybrids flowered earlier 
than the inbred parent at an average BPH of −11% and also exhibited a negative mean BPH for plant height 
(−20%). The HLA hybrids had a −7% mean BPH for internode length and −18% BPH for internode number. 
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Fig. 3 – Sorghum hybrid grain yield performance (kg ha−1) and better parent heterosis (BPH) of HLA hybrids and high 
yielding parents color coded as follows: highland adapted parent (black) and their hybrids crossed with different female 
parent (grey) evaluated in the: A. highland; and B. intermediate environments.  
 
Although HLA hybrids gave the highest mean performance for all five traits measured in comparison to LLA 
and IRL hybrids, the highest BPH for grain yield was obtained for LLA hybrids (43%) followed by IRL hybrids 
(33%) (Table 2, Fig. 2-B). However low per se performance for the inbred parent of the LLA and IRL hybrids 
was observed compared to the highland adapted genotypes, which had a twofold higher mean grain yield than the 
two groups of inbreds (data not shown). In the lowland environment, three hybrids derived from the non-adapted 
highland-adapted and introduced R lines, and in the highland environment two hybrids derived from introduced R 
and lowland-adapted genotypes exhibited outlier HPH (Fig. 2). The LLA and IRL hybrids flowered an average 12 
days earlier and had lower grain numbers and grain weights than the HLA hybrids. However, both the LLA and 
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IRL hybrids exhibited positive BPH for grain number, with the highest value of 44% for the LLA hybrids but 
negative BPH in grain weight (−7%).  
3.5. Hybrid performance and heterosis in the intermediate environment 
The performance and magnitude of heterosis for the three hybrid groups were also evaluated in the intermediate 
environment. For the HLA hybrids, the direction of BPH was the same as the highland environment for all traits 
except grain number. LLA and IRL hybrids had positive BPH for all traits, except grain number and days to 
flowering for the IRL hybrids and days to flowering for the LLA hybrids. The HLA hybrids had the highest mean 
BPH for grain yield (52%) in comparison to the other two groups of hybrids. The majority of HLA hybrids (83%) 
had positive BPH for grain yield ranging from 23% to 158% (Fig. 3-B). In comparison to the highland and 
lowland environments, the magnitude of BPH for grain yield for HLA hybrids was higher in the intermediate 
environment. LLA hybrids had similar mean BPH in both lowland and intermediate environments whereas IRL 
hybrids had the lowest BPH compared to the lowland and highland environments and were also lower than the 
HLA and LLA hybrids (Fig. 2-C). 
3.6. Genetic distance using SNP markers as a predictor of hybrid grain yield and better parent heterosis 
There was a weak positive correlation between inbred line genetic distance and hybrid grain yield performance 
and BPH in the lowland and highland environments. In the lowland environment, the magnitude of correlation 
between genetic distance and hybrid GY performance was (r = 0.13) whereas the correlation between BPH and 
genetic distance was (r = 0.17) for all hybrid groups. In the highland environment, genetic distance between 
inbred parental lines was significantly correlated (r = 0.25, P < 0.03) with hybrid GY performance, but there was 
no significant correlation between genetic distance and BPH for grain yield. However, in the intermediate 
environment, genetic distance between the inbred parents was significantly correlated with grain yield 
performance (r = 0.35, P < 0.001) and grain yield BPH (r = 0.4, P < 0.001). Genetic distance between the inbred 
parents and mid-parent heterosis (MPH) had an improved correlation (r = 0.51, P < 0.001) in the intermediate 
environment, whereas in both the lowland and highland environments improvement in prediction from HPH was 
not realised. Furthermore, the correlation coefficient was not improved by sub-grouping hybrids based on 
adaptation of the male parental lines to specific environments.  
3.7. Standard heterosis 
In the lowland environment, the improved open pollinated check variety Melkam had a mean grain yield of 6482 
kg ha
−1
 while the recently released sorghum hybrid derived from introduced inbreds (P-9501 A × ICSR 14) had a 
mean grain yield of 5985 kg ha
-1
. The standard heterosis (SH) for the hybrids was calculated using the higher 
yielding check variety is presented in Table 3. The LLA hybrids had an average SH of 11% from Melkam and 
21% from the hybrid check. The majority (20 of 27) of the LLA hybrids had superior performance over the check 
variety. Although the mean SH of the IRL hybrids was negative, 13 of 37 IRL hybrids out-yielded the check 
variety. The highest SH for the HLA hybrids was 48% and for LLA hybrids 33% compared to the check variety. 
The increase in plant height was 70% for the HLA and 44% for the LLA hybrids in comparison to the check 
variety. The average SH for grain weight was negative for both hybrid groups; however, 12 LLA and 8 HLA 
hybrids had higher grain weight than the check variety (Table 3). On average both the LLA and IRL hybrids 
flowered and matured earlier than the check variety but were later than the check hybrid.  
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Table 3 – Mean and maximum standard heterosis (SH) relative to the improved variety (Melkam) in the lowland and 87 BK 
4122 in the intermediate and highland environments in Ethiopia.  
Hybrid group 
Standard heterosis (%) 
GY (kg ha−1) DTF DTM PTH (cm) GN head−1 HGW (g) 
Mean Max. Mean Max. Mean Max. Mean Max. Mean Max. Mean Max. 
Lowland environment             
  Lowland adapted (LLA) 11 33 −10 −15 −5 −8 44 75 8 36 −2 26 
  Highland (HLA) 4 48 −4 −14 −2 −7 70 92 5 43 −1 21 
  Introduced R (IRL) −14 13 −10 −21 −5 −9 11 60 −4 31 −11 6 
Highland environment             
  Lowland adapted (LLA) 4 58 −8 23 −4 −7 65 106 −31 8 5 32 
  Highland adapted (HLA) 35 121 5 26 −1 −6 105 148 −20 36 16 46 
  Introduced R (IRL) −17 17 −7 −17 −4 −6 16 82 −39 −10 10 32 
Intermediate environment            
  Lowland adapted (LLA) −20 34 5 10 −0.6 −3 35 54 −21 61 2.1 21 
  Highland adapted (HLA) 3 68 7 15 −0.5 −5 54 89 15 87 1.3 21 
  Introduced R (IRL) −32 1 5 10 −0.9 −3 11 49 −24 10 1.1 19 
 
HLA hybrids had the highest grain yield with a mean SH of 35% in the highland and 3% in the intermediate 
environment in comparison to the check variety, 87 BK 4122 (Table 3). The HLA hybrids flowered late and had 
an average SH of 105% for plant height and 16% for grain weight in the highland environment in comparison to 
the check variety, and showed increases in both traits in the intermediate environment. In the highlands, the LLA 
hybrids had 4% mean grain yield superiority in addition to increased plant height of 65% and grain weight by 5% 
in comparison to the check variety. Except for plant height and grain weight, the IRL hybrids had lower 
performance for other traits relative to the check variety in the highland and intermediate environments (Table 3). 
4. Discussion 
This study demonstrated that hybrids derived from Ethiopian genotypes adapted to lowland and highland 
environments, in combination with introduced A-lines, exhibited higher mean grain yields in their respective 
adaptive environments compared to the high parent and the hybrids derived from introduced R lines. The results 
indicated the potential of hybrids derived from locally adapted genotypes to increase sorghum productivity while 
meeting increased plant height and grain size requirements of sorghum-growing farmers in Ethiopia. Highland 
adapted hybrids (HLA) had the highest mean grain yield better parent heterosis (BPH, 52%) in the intermediate 
environment; BPH was also highest in comparison to lowland adapted hybrids (LLA) and introduced R lines 
hybrids (IRL). The variation in the magnitude of heterosis likely reflects the increased genetic distance between 
the highland adapted parental lines and introduced A-lines in comparison to the other two groups of genotypes 
[23]. In addition, compared to the standard check the high yielding LLA hybrids had 33% and HLA hybrids 121% 
grain yield superiority in their adaptive environments, indicating the potential to increase sorghum productivity in 
Ethiopia using hybrids developed using locally adapted genotypes as inbred parents.  
4.1. Superior performance of hybrids from locally adapted inbred parents  
The mean BPH for grain yield in each environment using locally adapted and non-adapted hybrid groups ranged 
between 10% and 52% (Table 2). This is within the range previously reported for sorghum in the USA [9, 27] and 
sub-Saharan Africa [10, 17]. Hybrids derived from locally adapted genotypes had the highest mean hybrid 
performance compared to the non-adapted parental lines in their adaptive environment. In the lowland 
environment, LLA hybrids had a yield advantage of 7% in comparison to the HLA hybrids and 29% in 
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comparison to IRL hybrids. In addition, HLA hybrids had 30% yield superiority compared to LLA hybrids and 
62% superiority compared to IRL hybrids in the highland environment (Table 2); however, the small sample size 
of highland-adapted hybrids may have contributed to magnitude of their superior performance. Previous studies 
also found superior phenotypic performances of hybrids derived from genotypes specifically adapted to their 
respective environments [19, 28].  
Drought stress is the critical limiting factor for sorghum production in lowland environments in Ethiopia [29]. 
Hence, drought tolerant, high yielding, tall sorghum varieties are preferred by farmers [4, 7]. In this study, LLA 
hybrids exhibited a mean BPH of 19%, with a maximum value of 60%, in grain yield performance from the best 
yielding parent in the lowland environment. LLA hybrids had negative mean BPH for days to flowering (−9%) 
and for days to maturity (−4%), indicating earlier maturity of hybrids compared to their parents. However, plant 
height increased in LLA hybrids by 11% relative to the high parent, an important attribute for increased plant 
biomass [30, 31]. Six of the HLA hybrids also had comparable grain yield performance to LLA hybrids in the 
lowland trials; however, these hybrids were later maturing by four days indicating a higher risk of terminal 
moisture stress in the lowland environment.  
In addition to increased yield and plant height, larger grain size varieties attract higher acceptance by 
consumers and bring better incomes to farmers [4]; larger grain size is related to increased milling yield and 
higher water absorbance [5]. Half of the LLA hybrids had higher grain weight, of which nine also had higher 
grain number compared to the high parent demonstrating the possibility of improving grain yield and grain weight 
without sacrificing grain number when using locally adapted genotypes [32]. For instance the hybrid ICSA 10 × 
Gambella 1107, among the top yielding hybrids, had a 5% increase in grain number and 10% increase in grain 
weight compared to the high parent in the lowland environment.  
The HLA hybrids had increased grain yield productivity with an average BPH of 16% in the highland and 52% 
in the intermediate environment. The latter was higher than the 26% yield increase recently reported in hybrids 
generated from guinea type sorghum in West Africa [21]. In relation to the higher grain number and grain weight 
BPH, the magnitude of grain yield heterosis for the HLA hybrids was higher in the intermediate than in the 
highland environment (Table 2). As the seed parents used for hybrid development were not bred for cold 
tolerance, lower temperatures in the highlands compared to the lowlands during establishment, might have had an 
effect on hybrid vigor in the highland environment (Fig. S2). The grain yield performance was significantly 
correlated (r = 0.66, P < 0.000) between the highland and intermediate environments, likely explaining the 
similarity in ranking of the hybrids and the potential of hybrids in both environments. HLA hybrids, however, had 
negative BPH for plant height in all three environments. This was possibly due to reduced internode length related 
to incomplete dominance of the plant height genes [33]. In order to overcome a reduction in plant height and grain 
number, a strategy for breeding locally adapted male sterile female parents with increased plant height and cold 
tolerance could be employed. 
4.2. Hybrid performance and heterosis of locally adapted genotypes versus introduced R lines  
The male and female parental groups currently being used for hybrid breeding were primarily developed for 
adaptation to temperate environments where mechanized farming and high input systems are in place [14, 15, 34]. 
In addition to the superiority in grain yield performance, adaptation of the hybrids to local environments and 
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improvement of farmers’ preferred traits, including plant height and grain size, are vital for hybrids to be adopted 
by Ethiopian farmers [4, 7]. In this study the LLA and HLA hybrids gave 29% and 62% increases in grain yield, 
respectively, in addition to 30% and 77% increased plant height compared to IRL hybrids in their adaptive 
environments indicating the possibility of developing adaptable, high yielding hybrids using locally adapted 
genotypes [19, 28]. Although LLA and IRL hybrids had similar flowering and maturity times LLA hybrids had 
increased grain yield, plant height, grain number and grain weight in comparison to IRL hybrids. Correlation 
between increased grain yield and plant height in sorghum hybrids was reported in previous studies [35, 36], and 
may be related to higher radiation use efficiency by tall, locally adapted sorghum hybrids. Variation in grain 
number and grain size between LLA and IRL hybrids was also observed, with the LLA hybrids having larger 
grains relative to IRL hybrids (2.6 g vs. 2.3 g 100 seed
−1
). This again could be related to the availability of 
assimilate in the tall locally adapted hybrids during late grain filling stages, as observed in previous studies [36, 
37].  
The success of hybrid breeding depends on the magnitude of heterosis for economically important traits and 
this is related to the extent of genetic variability and complementarity of parental pools [38]. The existing restorer 
and seed parent groups in sorghum impose genetic constraints due to the complex cytoplasmic male sterility 
system, which limits the development of new seed parents [22]. However, there is potential to expand the 
pollinator pools due to the predominance of restorer genes in a range of genetic backgrounds of sorghum 
genotypes [22]. The magnitude of better parent heterosis for hybrids derived from locally adapted genotypes 
suggests that it will be possible to exploit heterosis in Ethiopia using the existing seed parents across all 
environmental types with the exception of the highlands, due to the lack of cold temperature adaptation in the 
existing seed parents. Although there is variation in BPH depending on adaptation of the inbred lines, the extent of 
BPH of LLA and IRL hybrids seemed to be within the same range in the lowland and highland environments (Fig. 
2-A, B).  
5. Conclusion 
In this preliminary study hybrids developed using locally adapted genotypes as a restorer line crossed with 
introduced A-lines exhibited higher grain yield performance than the high parent and the hybrids derived from 
introduced R-lines. The magnitude of grain yield superiority over the high parent extended up to 60 and 73% for 
the LLA and HLA hybrids in the lowland and highland environment, respectively. This result highlights the 
potential to increase sorghum productivity while increasing plant height and grain size using locally adapted 
genotypes as hybrid parents. The superiority of the test hybrids over the check variety included in this study 
indicates the potential positive economic advantage of such hybrids in the diverse sorghum-growing environments 
in Ethiopia. Breeding A/B lines adaptable to the highland environment or selection for cold tolerance among 
highland-adapted genotypes could possibly overcome the shortcomings of HLA hybrids. The magnitude of better 
parent heterosis was higher for HLA hybrids compared to IRL and LLA hybrids and corresponded with the 
genetic distance separating the inbred parental lines. This result might be an indication of the distinct heterotic 
grouping of highland-adapted landrace genotypes, but that aspect needs further verification. 
Acknowledgments 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
15 
The authors acknowledge AusAID (Australian Agency for International Development) for a scholarship 
supporting TTM, Queensland Alliance for Agriculture and Food Innovation (QAAFI), and the Ethiopian Institute 
of Agricultural Research (EIAR) for financially supporting the research activities. We also acknowledge the help 
of Colleen Hunt in statistical analysis.  
References 
[1] A.A. Kumar, B.V.S. Reddy, H.C. Sharma, C.T. Hash, P.S. Rao, B. Ramaiah, P.S. Reddy, Recent advances in sorghum genetic 
enhancement research at ICRISAT, Am. J. Plant Sci. 2 (2011) 589–600.  
[2] Ethiopian Central Statistic Agency (CSA), Agricultural Sample Survey 2013/2014, 2014. 
[3] Y. Kebede, A Menkir, Current activities, research recommendations and future strategies of the sorghum improvement 
programme in Ethiopia, in: Proceedings of the 19th National Crop Improvement Conference, April 22–26, 1987, Addis Ababa, 
Ethiopia. 
[4] F. Mekbib, Farmer and formal breeding of sorghum (Sorghum bicolor (L.) Moench) and the implications for integrated plant 
breeding, Euphytica 152 (2006) 163–176.  
[5] W.J Lee, J.F. Pedersen, D.R. Shelton, Relationship of sorghum kernel size to physiochemical, milling, pasting, and cooking 
properties, Food Res. Int. 35 (2002) 643–649. 
[6] A.A. Beyene, Genetic Diversity Analysis of Lowland Sorghum [Sorghum bicolor (L.) Moench] Landraces under Moisture Stress 
Conditions and Breeding for Drought Tolerance in North Eastern Ethiopia, Ph.D. Thesis, University of KwaZulu-Natal, South 
Africa, 2012. 
[7] N.G. Wubeneh, J.H. Sanders, Farm-level adoption of sorghum technologies in Tigray, Ethiopia, Agric. Syst. 91 (2006) 122–134.  
[8] A. Adugna, Assessment of yield stability in sorghum, Afr. Crop Sci. J. 15 (2007) 83–92.  
[9] D.N. Duvick, Heterosis: feeding people and protecting natural resources, in: J.G. Coors, S Pandey (Eds), The Genetics and 
Exploitation of Heterosis in Crops, Madison, WI, USA, 1999, pp. 19–29. 
[10] L.R. House, B.N. Verma, G Ejeta, B.S. Rana, I. Kapran, A.B. Obilana, B.V.S. Reddy, Developing countries breeding and 
potential of hybrids, in: Proceeding of the International Conference on Genetic improvement of Sorghum and Pearl millet, 
Lubbock, Texas, 1999, pp. 84–96. 
[11] B.I.G. Haussmann, A.B. Obilana, P.O. Ayiecho, A. Blum, W. Schipprack, H.H, Geiger, Yield and yield stability of four 
population types of grain sorghum in a semi-arid area of Kenya, Crop Sci. 40 (2000) 319–329. 
[12] P.S. Schnable, N.M. Springer, Progress toward understanding heterosis in crop plants, Annu. Rev. Plant Biol. 64 (2013) 71–88.  
[13] D. Jordan, Y. Tao, I.D. Godwin, R.G. Henzell, Prediction of hybrid performance in grain sorghum using RFLP markers, Theor. 
Appl. Genet. 106 (2003) 559–567. 
[14] M.A, Menz, R.R, Klein, N.C. Unruh, W.L. Rooney, P.E. Klein, J.E, Mullet, Genetic diversity of public inbreds of sorghum 
determined by mapped AFLP and SSR markers, Crop Sci. 44 (2004) 1236–1244. 
[15] S.S. Smith, V. Primomo, R. Momk, B. Nelso, E. Johnes, K. Porter, Genetic diversity of widely used U.S. sorghum hybrids 
1980–2008, Crop Sci. 50 (2010) 1664–1673.  
[16] B.I.G. Haussmann, A.B. Obilana, P.O. Ayiecho, A. Blum, W. Schipprack, H.H. Geiger, Quantitative genetic parameters of 
sorghum (Sorghum bicolor L. Meonch) grown in semi-arid areas of Kenya, Euphytica 105 (1999) 109–118. 
[17] I. Makanda, P. Tongoona, J. Derera, J. Sibiya, P. Fato, Combining ability and cultivar superiority of sorghum germplasm for 
grain yield across tropical low-and mid-altitude environments, Field Crops Res. 116 (2010) 75–85.  
[18] T. Tadesse, T. Tesso, G. Ejeta, Combining ability of introduced sorghum parental lines for major morpho-agronomic, SAT 
ejournal 6 (2008). 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
16 
[19] J.C. Reif, S. Fischer, T.A. Schrag, K.R. Lamkey, D. Klein, B.S. Dhillon, A.E Melchinger, Broadening the genetic base of 
European maize heterotic pools with US corn belt germplasm using field and molecular marker data, Theor. Appl. Genet. 120 
(2010) 301–310.  
[20] F. Xie, Z. He, M.Q. Esguerra, F. Qiu, V. Ramanathan, Determination of heterotic groups for tropical Indica hybrid rice 
germplasm, Theor. Appl. Genet. 127 (2014) 407–417.  
[21] H.F.W. Rattunde, E. Weltzien, B. Diallo, A.G. Diallo, M. Sidibe, A.O. Touré, A. Rathore, R.R. Das, W.L. Leiser, A Touré, 
Yield of photoperiod-sensitive sorghum hybrids based on Guinea-race germplasm under farmers’ field conditions in Mali, Crop 
Sci. 53 (2013) 2454–2461.  
[22] D.R. Jordan, R.R. Klein, K.G. Sakrewski, R.G. Henzell, P.E. Klein, E.S. Mace, Mapping and characterization of Rf5 a new gene 
conditioning pollen fertility restoration in A1 and A2 cytoplasm in sorghum (Sorghum bicolor L. Moench), Theor. Appl. Genet. 
123 (2011) 383–396. 
[23] T.T. Mindaye, E.S. Mace, I.D. Godwin, D.R. Jordan, Genetic differentiation analysis for the identification of complementary 
parental pools for sorghum hybrid breeding in Ethiopia, Theor. Appl. Genet. 128 (2015) 1765–1775. 
[24] T. Tesso, A. Tirfessa, H. Mohammed, Association between morphological traits and yield components in the durra sorghums of 
Ethiopia, Hereditas 148 (2011) 98–109.  
[25] VSN International, GenStat for Windows 16th Edition, VSN International, Hemel Hempstead, UK, 2014. 
[26] J.C. Wynne, D.A. Emery, P.H. Rice, Combining ability estimation in Arachis hypogaea L. II. Field performance of F1 hybrids, 
Crop Sci. 10 (1970) 713–715.  
[27] C.M. Hayes, W.L. Rooney, Agronomic performance and heterosis of specialty grain sorghum hybrids with a black pericarp, 
Euphytica 196 (2014) 459–466.  
[28] A.F. Troyer, E.J. Wellin, Heterosis decreasing in hybrids: yield test inbreds, Crop Sci. 49 (2009) 1969–1976.  
[29] G. Gebeyehu, A. Asfaw, T. Taye, T. Tesefaye, B. Ketema, H. Hailemichael, Development of sorghum varieties and hybrids for 
dry land areas of Ethiopia, Uganda J. Agric. Sci. 9 (2004) 594–605. 
[30] S.C. Murray, W.L. Rooney, S.E. Mitchell, A. Sharma, P.E. Klein, J.E. Mullet, S. Kresovich, Genetic improvement of sorghum 
as a biofuel feedstock: II. QTL for stem and leaf structural carbohydrates, Crop Sci. 48 (2008) 2180–2193. 
[31] Y.L. Zhao, A. Dolat, Y. Steinberger, X. Wang, A. Osman, G.H. Xie, Biomass yield and changes in chemical composition of 
sweet sorghum cultivars grown for biofuel, Field Crops Res. 111 (2009) 55–64.  
[32] J.D. Eastin, C.L. Petersen, F. Zavala-Garcia, A. Dhopte, P.K. Verma, V.B. Ogunlea, MW. Witt, V.G. Hermandez, M.L. Munoz, 
T.J. Gerik, G.I. Gandoul, M.R.A. Hovey, L.M. Onofre, Potential heterosis associated with developmental and metabolic process 
in sorghum and maize, in: J.G. Coors, S. Pandey (Eds), The Genetics and Exploitation of Heterosis in Crops, Madison, WI, 
USA, 1999, pp. 19–29. 
[33] W.L Rooney, Genetics and Cytogenetics, in: C.W. Smith, R.A. Frederiksen (Eds), Sorghum: Origin, History, Technology, and 
Production, John Wiley and Sons Inc, New York, USA, 2000, pp. 261–307.  
[34] R.R. Klein, J.E. Mullet, D.R. Jordan, F.R. Miller, W.L. Rooney, M.A. Menz, P.E. Klein, The effect of tropical sorghum 
conversion and inbred development on genome diversity as revealed by high-resolution genotyping, Crop Sci. 48 (2008) S12–
S16. 
[35] B. George-Jaeggli, D.R. Jordan, E.J. van Oosterom, G.L Hammer, Decrease in sorghum grain yield due to the dw3 dwarfing 
gene is caused by reduction in shoot biomass, Field Crops Res. 124 (2011) 231–239. 
[36] B. George-Jaeggli, D.R. Jordan, E.J. van Oosterom, I.J. Broad, G.L. Hammer, Sorghum dwarfing genes can affect radiation 
capture and radiation use efficiency, Field Crops Res. 149 (2013) 283–290. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
17 
[36] Z. Yang, E.J. van Oosterom, D.R. Jordan, A. Doherty, G.L. Hammer, Genetic variation in potential kernel size affects kernel 
growth and yield of sorghum, Crop Sci. 50 (2010) 685–695. 
[37] N.M. Springer, R.M. Stupar, Allelic variation and heterosis in maize: how do two halves make more than a whole? Genome Res. 
17 (2007) 264–275.  
[38] D.R. Jordan, E.S. Mace, R.G. Henzell, P.E. Klein, R.R. Klein, Molecular mapping and candidate gene identification of the Rf2 
gene for pollen fertility restoration in sorghum (Sorghum bicolor L. Moench), Theor. Appl. Genet. 120 (2010) 1279–1287. 
